Angiotensin II (AngII), acting through its type 1 receptor (AT1), is a primary contributor to cardiovascular disease including hypertension. 1 Inhibition of AT1 receptor action is crucial in the treatment of cardiovascular disease. 2 Bradykinin acting mostly via its B2 receptor may also play a role in cardiovascular regulation. 3 In fact, ACE inhibitors that are used for regulating hypertension not only diminish the conversion of AngI to AngII but also block the destruction of bradykinin. 4, 5 We have been identifying and manipulating AT1 receptor structures such that we can regulate the signal transductions associated with this receptor in response to AngII. In the process, we successfully replaced major portions of the signaling segments within the intracellular face of the AT1 receptor. 6 In the communication, we showed that the hybrids possess a number of signaling characteristics of the BKB2 receptor. Some hybrids demonstrated BK as opposed to AngII-like phosphorylation of Akt. 6 Our results also suggested that the Lys-Ser-Arg motif in the second intracellular loop of AT1 receptor is crucial for Gαq coupling. The third and C-terminal tail are the regions determining the non-G-protein-coupled signaling in the BKB2 and AT1 receptors. One hybrid receptor, namely AB3T, where the third intracellular loop and C-terminus of the AT1R were replaced with corresponding regions of the BKB2R, demonstrated a reduced phosphorylation of Akt and activation of RhoA compared to wild-type (WT) AT1R. As both Akt and RhoA have been shown to affect the function of the cardiovascular system, 7,8 we postulated that the expression of this AB3T receptor will modulate the in vivo hypertrophic and hypertensive effects of AngII.
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In this study, we generated transgenic (TG) mice expressing this AB3T receptor mutant. The signaling profile of this TG mouse model in response to AngII was analyzed in cultures of aortic endothelial cells obtained from these mice and compared to those isolated from WT mice. The cardiovascular phenotype at baseline and at response to a 2-week continuous AngII infusion, including the blood pressure and cardiac hypertrophy, was also compared between the WT and AB3T TG mice. The phenotype of these mice showed a marked reduction in AngII-generated hypertension and hypertrophy.
Methods
Generation of AB3T hybrid receptor. To construct the AB3T mutant, the AT1 third intracellular loop was first replaced
Background
The angiotensin II (AngII) type 1 receptor (AT1) regulates cardiovascular function by activating various signal pathways. The purpose of this study was to evaluate the effects of a mutant AT1 receptor on AngIIresponding blood pressure and cardiac hypertrophy in conjunction with altered AngII activation of rhoA and Akt.
Methods
A mutant AT1 receptor was constructed and overexpressed in c57bL mice using a ubiquitous-expression vector pcAGGS. The phenotype and signal transduction of the transgenic (TG) mice were compared with the wild-type (WT) mice.
results
The TG mice showed a similar baseline phenotype as WT mice, but their blood pressure in response to continuous AngII infusion was significantly lower, as measured on days 3, 4, 7, and 14, with a difference of 20 mm Hg by day 14. There was also a significantly larger heart-to-total-body-weight ratio in the WT mice, whose heart weight (HW) was 0.441 ± 0.008% of total body weight (bW) compared to the TG mice at 0.416 ± 0.008%. Aortic endothelial cells isolated from these TG mice displayed an altered signaling profile, such as diminished activation of Akt and rhoA in response to AngII. In contrast, Gαq coupling and erK/JNK activation did not change.
articles Akt/RhoA Signals in AngII-Induced Hypertension with the IC3 of the BKB2R: the pcDNA3.1-AT1R cassette 6 was digested with SpeI (position 214) and EcoRV ( position 237). The corresponding sense and antisense oligonucleotides for the  IC3 region of the BKB2 receptor (sense: 5′-CTAGTTATACCC  TTATCATGCAGGTGCTGAGGAACAACGAGATGAAG  AAGTTCAAGGAGGTCCAGACGGAGAAG-3′; antisense:  5′-CTTCTCCGTCTGGACCTCCTTG AACTTCTTCATCTC  GTTGTTCCTCAGCACCTGCATGATAAGGGTATAA-3′) were then annealed at equal molar ratio and ligated into the SpeI/EcoRV-digested vector cassette. The entire C-terminus AT1R/BKB2R hybrid was then constructed by PCR to amplify the C-terminus of BKB2R using the rat BKB2R complementary DNA as a template. After obtaining the single-loop mutants AB3 and ABT, the AB3T was constructed by exchanging the EcoRI-XhoI fragments containing the 3rd loop and C-tail with rest of the receptor. The AB3T mutant was sequenced by an in-house facility.
Generation TG mice expressing the Ab3T gene. The complementary DNA of the AB3T was cloned into the pCAGGS vector, an expression vector containing the cytomegalovirus/chicken β-actin enhancer/promoter. Heterozygous lines of TG mice were generated at the Transgenic/Knockout Core Facility at Boston University. Expression of the AB3T receptor was determined with reverse transcription-PCR in the major AT1-expressing tissues (liver, heart, kidney, and the aorta). Primers ( forward: 5′-CAACGAGATGAAGAAGTTCAAGGA-3′; reverse: 5′-AA GCACAATCGCCATAATTATCC-3′) were designed so that one matched the AT1 receptor and the other the BKB2 receptor. The genetic background of the experimental group of mice and the control group of mice was FVB. The animals were housed in the animal quarters with 12:12 h light-dark cycle and all experiments were conducted in the accordance with the "Guidelines for the Care and Use of Animals" approved by the Boston University School of Medicine.
AngII infusion and blood pressure/heart rate measurement. Two groups of adult male littermates weighing 25-40 g, one AB3T TG and one WT (n = 17/group) were used in the experiment. An additional 10 mice per group were weighed and killed at baseline in order to obtain the body-to-heart-weight ratio. For 5 days the experimental mice were trained to measure blood pressure via the computerized noninvasive tail-cuff system (Model BP 2000; Visitech Systems, Apex, NC). The blood pressure system was configured to measure eight preliminary readings, which were discarded followed by up to 15 readings to report an average reading. A baseline reading was determined using reading from measurements recorded across 3 days. Both groups of mice received continuous AngII infusion (0.9 µg/h) via subcutaneous osmotic minipumps (Alzet model 2004; DURECT, Cupertino, CA) for 14 days. The minipumps were implanted in the scapular area under anesthesia with ketamine/xylazine (100 mg/kg/10 mg/kg). The animals were allowed a 48-h recovery period. Systolic blood pressure and heart rates were measured daily using the noninvasive tail-cuff method. Tail pulse was detected by passage of the tail through a tail-cuff sensor attached to the amplifier. BP measurements were made by the automated inflation of the tail-cuff pressure to >200 mm Hg causing obstruction of the blood flow followed by release of the pressure. This cycle was repeated 15 times to give an average blood pressure value for a sitting. At the end of the 14 days, the mice were killed by CO 2 inhalation and cervical dislocation. They were weighed and the hearts were carefully extracted and washed in phosphate-buffered saline. After washing away the blood in the heart, the hearts were gently dried and weighed.
Mouse aortic endothelial cell isolation and culture. Isolation of primary mouse aortic endothelial cell cultures followed the procedure of Dong et al. with some modification. 9, 10 Aortas were dissected, washed, and digested with 200 units/ml collagenase at 37 °C for 1 h with intermittent agitation. The digestion mixture was diluted by addition of an equal volume of Dulbecco's modified Eagle's medium containing 20% fetal bovine serum and subjected to centrifugation at 400 g for 10 min at 4 °C. The cell pellet was resuspended in 3 ml of cold phosphate-buffered saline and incubated with 30 μl (per 3-5 aortas) magnetic beads (Dynal; Invitrogen, Carlsbad, CA) that have been precoated with rat anti-mouse PECAM-1 (platelet endothelial cell adhesion molecule-1) antibody (BD Pharmingen, San Jose, CA) for 10 min at room temperature. Bead-bound cells were collected from the mixture in a high-field-strength magnet assembly and washed four times in phosphate-buffered saline containing 0.1% fetal bovine serum and 2 mmol/l EDTA. Cells were washed again in Dulbecco's modified Eagle's medium with 20% fetal bovine serum and harvested as before by centrifugation. Cells were then resuspended again in Dulbecco's modified Eagle's medium with 20% fetal bovine serum and plated in collagen-coated T25 flasks in complete medium supplemented with 100 μg/ml endothelial cell mitogen (BTI, Stoughton, MA). The confluent cells were harvested by brief trypsinization and subjected to a second round of selection with beads precoated with rat anti-mouse intercellular adhesion molecule-2 (BD Pharmingen), following the procedure of the first selection round.
Ligand binding. AngII-binding studies in intact aortic endothelial cells were carried out as described by Yu et al. 11 Phosphoinositide turnover. The aortic endothelial cells from the WT or AB3T TG mice were incubated with 1 µCi/ml myo-[ 3 H]inositol (60 Ci/mmol; PerkinElmer, Boston, MA) in 1 ml of growth medium and the levels of inositol phosphates determined 24 h later as described by Prado et al. 12 Western blot analysis. Western blot analysis for ERK, JNK, and Akt was performed following a 5-min incubation of WT and AB3T mouse-derived endothelial cells with 100 nmol/l AngII as described by Yu et al. 6 Antibodies were purchased from Cell Signaling Technologies (Beverly, MA). RhoA activation was measured with the Rho Activation Kit from Upstate Cell Signaling (#17-294; Lake Placid, NY) according to the manufacturer's instructions. To understand the in vivo cardiovascular and signaling actions of the altered AT1 receptor (AB3T), we generated AB3T-overexpressing TG mice using the pCAGGS, an expression vector containing the cytomegalovirus/chicken β-actin enhancer/promoter. 13 Genomic DNA from tail biopsies was used to screen the AB3T-expressing mice. The global expression of the AB3T receptor was initially confirmed by reverse transcription-PCR with RNA extracted from the kidney, liver, aorta, lung, and heart of the TG mice. The results are illustrated in Figure 1 . The AB3T gene was expressed in those organs from TG mice, but not WT mice.
The AB3T expression in the primary mice aortic endothelial cells was then confirmed with [ 3 H]-labeled AngII binding at the protein level. The AB3T aortic endothelial cells demonstrated markedly increased (7.5-fold) binding (Figure 2) . The B max of the combined AT1 receptors increased to 5.61 fmol/mg protein in AB3T cells compared with 0.75 fmol/mg protein in the WT cells.
Protein kinase activation
We evaluated the activation of protein kinases (Akt/PKB, ERK, and JNK) in the aortic endothelial cells isolated from the AB3T mice and WT mice. AngII increased the phosphorylation of Akt at Ser 473 in the WT cells. However, in the cells from AB3T mice, AngII had an opposite effect. It reduced the presence of phospho-Akt (Figure 3a) . The activation of ERK and JNK by AngII remained unchanged in the AB3T cells compared to WT cells (Figure 3b) .
activation of small g-protein rhoa
Small G-protein RhoA and its downstream kinase Rho kinase play deleterious roles in both blood pressure regulation and vascular smooth muscle function. 8, 14 As shown in Figure 3c , AngII strongly activated RhoA after 5-min exposure in the WT endothelial cells. In the AB3T cells, AngII only activated RhoA marginally.
angii-induced gαq activation
We measured phosphatidyl inositol turnover to illustrate the receptor Gαq coupling capacity. 6 The aortic endothelial cells from both WT and AB3T TG mice displayed similar doseresponse curves in response to AngII (Figure 3d) . The maximal response and the EC 50 are similar between WT and AB3T cells.
Blood pressure in response to angii infusion
The AB3T mice (n = 17) and WT mice (n = 17) showed similar baseline (resting) blood pressure (WT: 122 ± 3 mm Hg vs. AB3T: 121 ± 3 mm Hg, P > 0.05) and heart rate (WT: 698 ± 20 beats per minute vs. AB3T: 671 ± 7 beats per minute, P > 0.05). Despite these baseline similarities, compared to WT mice, the AB3T mice displayed a delayed onset of hypertension during the initial 3 days of AngII infusion and a markedly reduced increase in blood pressure thereafter (Figure 4a ). The pressures were significantly different on days 3, 4, 7, and 14 of the continuous AngII infusion, with a difference of 20 mm Hg by day 14 (173 ± 8 mm Hg vs. 151 ± 6 mm Hg, P < 0.05). Heart (HW)-to-total-body-weight (BW) ratios were generated to assess myocardial hypertrophy. There was no significant difference in the HW (WT: 144 ± 6 mg vs. TG: 136 ± 7 mg, n = 10, P > 0.05) and BW (WT: 34.5 ± 3.2 g vs. TG: 33.4 ± 3.7 g, n = 10, P > 0.05) between the WT and TG mice before AngII infusion. Continuous infusion of AngII for 2 weeks led to a significant increase in the HW/BW ratio in both WT and TG mice. However, a statistically significant lower ratio increase was observed in the TG mice (WT: 4.41 ± 0.08% vs. TG: 4.16 ± 0.08%, n = 17, P = 0.036) (Figure 4b) . The heart rate did not change after AngII infusion in either the WT or TG mice (WT: 672 ± 18 beats per minute vs. TG: 678 ± 11 beats per minute, n = 17, P > 0.05).
discussion
The AT1 receptor has been established as a focal determinant in the progressive dysfunction of the cardiovascular system. The AT1 knockout mouse has demonstrated that it is required for vascular and hemodynamic responses to AngII, and that altered expression of the AT1 gene has marked effects on blood pressure. 15 However, the specific receptor-generated signaling molecules acting in this process remain obscure. There is evidence that the activation of RhoA and Akt are important factors in cardiac hypertrophy and in hypertension. For example, the inhibition of Rho kinase provides cardiovascular benefits. 8 An increased RhoA expression and an enhanced RhoA activity have been observed in aortas of hypertensive rats. Jin et al. showed that the Rho-kinase inhibitor, Y-27632, inhibits spontaneous tone in aortic rings from AngII-treated rats. 16 Other studies show that in vascular endothelial cells the RhoA/Rho-kinase pathway downregulates eNOS gene expression through post-transcriptional mRNA destabilization. 17 RhoA/Rho kinase also inhibits the activity of eNOS by phosphorylating eNOS at Thr495 (ref. 18 ). eNOS produced NO, which is a powerful dilator and antiproliferative factor. 19 In addition, Rho-kinase inhibitors have been shown to inhibit formation of hypertensive vascular lesions. 20 Activation of Akt has been linked to smooth muscle cell proliferation and or 100 nmol/l AngII treated for 5 min. rhotekin rho-binding peptide pull-down assays were performed on cell lysates in order to measure rhoA activity. The pull-down samples from cell lysates were immunoblotted with a rho-specific antibody for visualization of the active protein levels. detergent soluble lysates were also immunoblotted with either a rho-specific antibody for total rho protein levels. The GdP and GTPγS lanes were used as negative and positive control, respectively. (d) concentration-response curve of AngII-stimulated inositol phosphate production in the WT and Ab3T endothelial cells. Phosphoinositide (PI) turnover was measured in myo-[ 3 H] inositol-labeled cells as described in methods sections. results are presented as AngII-stimulated PI turnover (cpm: counts per minute) minus basal IP as measured by the scintillation counter. each point is the average of cells from triplicate wells ± s.e. from three experiments. The ec 50 and E max (maximal response) of PI turnover were calculated using the SigmaPlot 8 Program Pharmacology module (SPSS). each Point is the average of cells from triplicate wells ± s.e. from a representative experiment of three experiments. The E max for WT and Ab3T was 904 ± 32 and 983 ± 32 cpm, respectively. The ec 50 for WT and Ab3T was 0.4 ± 0.1 and 0.5 ± 0.1 nmol/l, respectively. There is no significant difference in ec 50 or E max between WT and Ab3T cells (P > 0.05).
articles Akt/RhoA Signals in AngII-Induced Hypertension vascular disorders. 21 This activation is markedly inhibited by the calcium channel blocker lercanidipine 22 as well as the renin inhibitor aliskiren 23 Because of the importance of these two signal elements in the cardiovascular pathology, we proceeded to develop TG mice that overexpress a mutant AT1 receptor, which fails to activate either RhoA or Akt in vitro in response to AngII. 6 Our aim in this series of experiments was to determine whether the expression of this receptor will attenuate AngIIinduced hypertension and cardiac hypertrophy. The pCAGGS vector 13 was used to construct the AB3T transgene. This vector contains a CAG-promoter (cytomegalovirus enhancer+chicken β-actin promoter) and rabbit β-globin polyadenylation sites. These cis-acting elements produce high, ubiquitious systemic expression of the transgene. 24 In our model, the AB3T receptor was clearly expressed in lung, heart, kidney, and liver. We also determined that the AB3T receptor is expressed in the aorta stripped of its adventitia.
Hypertension is characterized by increased peripheral vascular resistance and/or vascular structural remodeling.
Endothelial cells, the primary barrier to the circulating blood, release vasoactive factors, such as NO and endothelin-1 and prostacyclin, which then regulate vascular tone and the pathophysiology of hypertension. 25 Impairment of endothelium-dependent vasodilatation has been demonstrated in hypertension patients. 26, 27 For these reasons, we combined our in vivo work with studies on aortic endothelial cells in primary cell cultures isolated from WT and the TG AB3T-expressing mice. This enabled us to determine the potential endothelial signaling in both WT and AB3T-expressing cells. The homogeneity of the mouse aortic endothelial cell cultures after a secondary selection was confirmed by immunohistochemistry using PECAM-1 antibodies. PECAM-1 is a specific marker for vascular endothelium, with a very limited expression in other cell types. 28 Also, the cultures exhibited typical cobblestone morphology. Thus although a 100% endothelial purity is most likely not attainable in any primary culture, signal contribution by smooth muscle cells would be minimal at most. The endothelial cells from the AB3T mice demonstrate that the normal (WT) AngII-induced RhoA and Akt activation is not taking place while AngII-induced Gαq and ERK/JNK signaling continue. Both these signaling junctions have been linked to hypertension. Thus, our results suggest that preventing AngII activation of RhoA and Akt is at least in part responsible for the attenuated AngII-induced hypertension and cardiac hypertrophy in the TG mice. Interestingly, the AB3T mice have similar baseline cardiovascular characteristics such as blood pressure, resting heart rate, and HW/BW ratio as WT mice.
It is important to note that the level of expression of the WT or mutant AT1 receptor could modulate the phenotype. For example, Zhai et al. showed that both ventricles and atria of the heart were enlarged in cardiac AT1-overexpressed TG mice compared with WT mice. 29, 30 Furthermore Hein et al. showed that overexpression of the angiotensin AT1 receptor transgene in the mouse myocardium produced a lethal phenotype associated with myocyte hyperplasia and heart block. 31 AT1 TG mice generated by Paradis et al. also exhibited premature death with cardiac hypertrophy and fibrosis. 32 Deleterious effects of AT1 overexpression are also seen in the kidney. TG rats overexpressing the WT AT1 receptor in kidney podocytes exhibit glomerulosclerosis. 33 All the damaging physiology by an overexpressed AT1 receptor in sum is contrary to that found in the AB3T-expressing mice, which demonstrate an unchanged baseline phenotype and a lower hypertensive response to angiotensin compared to WT mice. However, the mutant receptor described here was not tissue specifically targeted. Instead, it was expressed ubiquitously. Interestingly, TG mice overexpressing the WT AT1 receptor ubiquitously have, to our knowledge, not been reported in the literature. This void may be due to a lethal condition. However, clearly if these mice were successfully generated they would more accurately act as control to test the effectiveness of the mutant receptor.
Continuous AngII infusion for 2 weeks in mice leads to elevation in blood pressure, which mimics many characteristics of essential hypertension in humans. 34 We found that AngII infusion had a very different effect on blood pressure and cardiac Heart weight/body weight ratio upon AngII infusion. Ten WT mice and 10 transgenic mice were killed at baseline, to get the heart weight. The heart weight/body weight ratios of WT mice were represented as white bars, and those of Ab3T mice as grey bars. *P < 0.05: significant difference of heart weight/body weigh ratio between WT mice and Ab3T mice after AngII infusion.
articles Akt/RhoA Signals in AngII-Induced Hypertension hypertrophy in the WT and in the AB3T mice. AngII-induced hypertension and cardiac hypertrophy were attenuated but not eliminated in the AB3T mice. Clearly, other factor(s) in addition to Akt and RhoA are also involved in this process. It should also be noted that although we showed that endothelial cells derived from the aorta express the AB3T receptor in culture, we did not directly illustrate this expression in the endothelium in situ. We did show AB3T expression by the entire aorta devoid of the adventitia. Thus, it is possible that the observed changes in Akt and RhoA activation by the AB3T receptor in the aorta are taking place in either smooth muscle or endothelium or both. Of course, alterations in RhoA and Akt signaling in tissue such as kidney in response to AngII may also be crucial to the regulation of AngII-promoted hypertension.
